The moisture barrier properties of a co-sputtered Al 2 O 3 /ZrO 2 single layer and a bilayer of ALD-SiO 2 and co-sputtered Al 2 O 3 /ZrO 2 were examined as potential candidates for OLED encapsulation. In the case of the single-layer, the water vapor transmission rate (WVTR) showed a strong correlation with the normalized film density. A dramatic decrease in WVTR was observed for the bilayer barrier film. The deposition sequence of the bilayer also influenced the WVTR, in that the ALD-first barrier showed lower WVTR than the Al 2 O 3 /ZrO 2 -first layer. This was attributed to the superior coverage of ALD-SiO 2 film on particles and pinholes.
Organic light-emitting diode (OLED) displays are rapidly replacing liquid crystal displays (LCDs) in mobile devices, due to their rapid response time, wide viewing angle, and high color purity. In addition, OLEDs can be made much thinner and lighter than LCDs, since they do not need a separate backlight unit. Thus, OLED displays are the most suitable for portable devices. In spite of the major advances, the environmental stability of OLEDs still remains a major obstacle to their widespread use. Since the organic materials and lowwork-function metals used in OLEDs are sensitive to moisture, OLED displays are easily degraded in humid environments. 1, 2 Encapsulation is therefore essential for protecting OLEDs from the moisture and oxygen present in ambient air. Heavy and stiff shielding glass is currently used for encapsulation, but its usage is clearly limited for mobile and flexible displays. Encapsulation with organic or inorganic thin films has been actively researched, but a material that satisfies the challenging requirement of low water permeability (< 10 −6 g/m 2 · day) has not yet been found. 3 Inorganic thin films show better resistance to water permeation than organic films, but many defects are generated during the film deposition, and easily act as permeation paths. 4 There are two approaches to improve the encapsulation performance of inorganic thin film barriers. One is reducing the size and population of defects in a single-layer barrier. [5] [6] [7] [8] The other is forming a bilayer or multiple-layer barriers by adding two or more thin films. 9 Various growth techniques, such as sputtering, atomic layer deposition (ALD), and chemical vapor deposition (CVD), have been used to construct multiple layers. [10] [11] [12] [13] [14] 15 SiO 2 is also extensively used as a gas diffusion barrier. 16, 17 In this study, we prepared a single-layer barrier of co-sputtered Al 2 O 3 /ZrO 2 and a bilayer barrier consisting of SiO 2 by ALD and co-sputtered Al 2 O 3 /ZrO 2 as a potential moisture barrier for OLED encapsulation. It was found that the trend of the water vapor transmission rate (WVTR) of the single-layer barrier is more closely related to the normalized film density than the film's stress. The WVTR of the single-layer barriers was evaluated by changing the composition of Al-to-Zn ratios. Better barrier properties against moisture were observed for bilayer barriers. The growth sequence of the bilayer also affected the WVTR. It was found that an initial ALD-SiO 2 layer smoothens the surface, which possibly makes the subsequent sputtered film denser and free of defects. The influence of particles on the WVTR and pinhole coverage of the bilayer films will be discussed. * Electrochemical Society Active Member.
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For a single-layer barrier, 100-nm-thick co-sputtered Al 2 O 3 /ZrO 2 film was prepared at room temperature using an RF magnetron sputtering system (CS5000, SNTek Co.). The process pressure and Ar flow rate were 5 mTorr and 10 sccm, respectively. The RF power of the Al 2 O 3 target was fixed at 150 W. The volume fraction of ZrO 2 in the Al 2 O 3 /ZrO 2 film was changed to 0.26, 0.46, and 0.57, as determined by X-ray florescence (XRF) measurement, by setting the RF power applied to the ZrO 2 target to be 20, 50, and 100 W, respectively. Pure Al 2 O 3 and ZrO 2 films (RF power of 150 W) were also prepared for comparison. For the bilayer barrier, the ALD-SiO 2 thin films were formed using a plasma-enhanced ALD system (MP1100, ASM Genitech Co.) at 110
and O 2 were used as an Si precursor and oxidant gas, respectively. 18 The vapor pressure of BDEAS was kept at 3 Torr under nitrogen gas flow at 200 sccm. The plasma power was 200 W. ALD cycles consisted of BDEAS input (1 s)/purge (5 s)/O 2 exposure (2 s)/plasma apply (2 s)/purge (5 s). The growth per cycle (GPC) was ∼0.13 nm. 100-nm-thick bilayer barriers were prepared either by stacking a 50-nm-thick ALD-SiO 2 layer followed by a 50-nm-thick Al 2 O 3 /ZrO 2 layer, or reversing the order. X-ray reflectivity (XRR) measurements (X'Pert-PRO, PANalytical) were performed to determine the density and thickness of the films. The measured XRR data were fitted using PANalytical X'Pert Reflectivity software. The density of the ALD SiO 2 film was 2.1 g/cm 3 . The Si-to-O ratio of the ALD-SiO 2 , measured by Auger electron spectroscopy (PHI660, Perkin-Elmer), was 1:1.63, and the amount of carbon impurities was negligible. Permeability measurements were performed on a commercialized tester (ASTM F-1249, MOCON) to examine the WVTR at 38
• C and 100% RH. Here, polyethylene terephthalate (PET) was used as a substrate for the WVTR measurements, which has demonstrated its potential as a substrate for flexible OLEDs. 19, 20 Its excellent chemical and mechanical stability allows conventional cleaning by wet chemical (isopropyl alcohol) and its low coefficient of thermal expansion (∼70 × 10 −6 /K) minimizes the deformation during the film growth. The residual film stress of single-layer barriers was measured using a stress measurement system (FLX 2320, KLA Tencor). Figure 1a shows the variation of the WVTR for the ZrO 2 /Al 2 O 3 single-layer barrier as a function of the ZrO 2 volume fraction. As the ZrO 2 volume fraction increases from 0 to 0.26, the WVTR decreases slightly, reaching a minimum value of ∼0.8 g/m 2 · day. As the ZrO 2 volume fraction increases further, the WVTR increases, becoming larger than that of the pure Al 2 O 3 film. In order to explain this trend, the change in the residual film stress was measured. As shown in Fig. 1b , the high residual compressive stress of the pure Al 2 O 3 film is gradually relieved when the ZrO 2 fraction is increased. The compressive stress of the films is known to be helpful for reducing the WVTR, since it can reduce the effective size of the voids or cracks in the films. 21 However, the compressive stress was not enough to explain the minimum point that matches with the lowest WVTR at a ZrO 2 volume fraction of 0.26 in the present study. But the variation of the normalized film density is in good agreement with the measured WVTR trend, as shown in Fig. 1a . The normalized film density was calculated by dividing the measured density value by the theoretical density based on the volume fraction of the film. This agreement indicates that the normalized film density could be one of the major parameters governing the WVTR in addition to the film's stress. The normalized film densities of the single-layer barrier were in the range of 0.68 to 0.85, suggesting the films contain large amounts of voids or pores. 22 Compared the single-layer films, the WVTR of the bilayers is drastically decreased to 0.06 g/m 2 · day (see Table I ). Here, a ZrO 2 volume fraction of 0.26 was used. These values are also lower than the theoretical value of 0.44 g/m 2 · day calculated using laminating theory 23 and the WVTR of each layer. The WVTR of the bilayer (0.06 g/m 2 · day) is still somewhat higher than those reported for other ALD-grown films, 13, 14, 24 which it might be attributed to severe particle contaminations from the uncontrolled experimental atmosphere in this study. However, it is still valid to compare each of these films.
In the case of the bilayer barrier, the stacking sequence of the bilayer significantly affects its WVTR, in that the bilayer with Al 2 O 3 /ZrO 2 grown on SiO 2 (ALD-first bilayer) exhibits lower WVTR (0.06 g/m 2 · day) than that of the sputter-first bilayer (0.2 g/m 2 · day).
To investigate the effect of the stacking sequence on the WVTR, the particle coverage of the bilayers was observed by scanning electron microscopy (SEM) with a focused ion beam (AURIGA, Carl Zeiss). Prior to the deposition of the bilayer, silica particles of ∼20-nm diameter were scattered on Si substrates and subjected to air flow from an air gun to remove any heavy aggregates. For the sputter-first bilayer, as shown in Fig. 2a , the sputtered film does not conformally cover the particles, especially at the acute angle region between the particles and the substrate, due to the shadowing effect of sputtering. The defects are one of the most common paths for moisture permeation. It is believed that these defects lead to a higher WVTR value. In contrast, Figure 2b exhibits that the ALD-first bilayer achieves conformal coverage on the particles due to the excellent step coverage of the ALD process. The surface became smoother after the growth of ALD-SiO 2 compared to the bare substrate, and it can reduce the defect density of the subsequently sputtered film. This lower defect density of the ALD-first bilayer improves the overall resistance against moisture. The root-mean-square (RMS) roughness of the sputtered Al 2 O 3 /ZrO 2 and the ALD-SiO 2 films were measured to determine their surface coverage characteristics on PET substrates, as shown in Fig. 3 . The thickness of both films was ∼100 nm. The RMS roughness (R q ) of the bare PET substrate, sputtered Al 2 O 3 /ZrO 2 , and ALD-SiO 2 films were 2.8, 2.5, and 0.6 nm, respectively. After the ALD film covered the PET substrate, the surface roughness was significantly reduced. This result indicates that the surface smoothness of the ALD film can possibly restrict the development of defects originating from the substrate, and make the subsequently sputtered film more conformal and denser, resulting in a reduced WVTR.
A 100-nm-thick bilayer (∼50-nm target for each single layer) was deposited on a trench substrate with holes that have a diameter of 170 nm and depth of 2 μm. For the sputter-first bilayer, the entrance of the pinholes became narrow due to overhangs at the tops of the holes, as shown in Fig. 4a . Once the overhang develops, the narrow entrance hinders Si precursors from penetrating into the pinholes during the subsequent ALD process. The pinholes eventually remained as unfilled shim-shaped voids, as shown in Fig. 4b . Therefore, the sputter-first bilayer cannot form a perfect barrier, since it leaves more voids within complicated structures. On the other hand, the ALDfirst bilayer exhibits more conformal deposition on the holes without clogging, as shown in Figs. 4c and 4d . In summary, the WVTR in the single-layer Al 2 O 3 /ZrO 2 barrier was strongly dependent on the film density normalized by its ideal density based on its volume fraction. The bilayer barrier including the ALD-SiO 2 film drastically reduced the water permeation compared to the single-layer barrier. The deposition sequence of the bilayer also influenced the WVTR. The ALD-first bilayer showed the lowest WVTR characteristics. The ALD-SiO 2 film was conformally coated onto particles, which consequently restricted the development of defects during the subsequent film growth by sputtering. The bilayer encapsulation layer combining the ALD and sputter processes could be a potential candidate for constructing barrier layers against moisture that could be applied to OLED displays. Cross sectional SEM images of (a) the co-sputtered Al 2 O 3 /ZrO 2 single layer, (b) the sputter-first bilayer (100 nm target), (c) the ALD SiO 2 single layer and (d) the ALD-first bilayer (100 nm target), which were deposited on the holes with a diameter of ∼170 nm and depth of 2 μm. Here, dotted lines are a guide to eye only (black: holes, blue: ALD-SiO 2 , green: sputtered Al 2 O 3 /ZrO 2 ). Cutting was slightly off the center of the holes so the diameter appears narrower than expected for (a).
